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Abstract
Grain quality of rice is more complex than other cereals, since it is mostly 
consumed as whole grain in countries where it serves as a staple food. Quality 
characteristics are major determinants of market price and include milling, physi-
cal appearance, cooking, sensory, palatability, and nutritional value. A better 
understanding of the factors that control these quality characteristics will be useful 
for developing new breeding strategies. In this chapter, we will review the progress 
made toward improvement of important grain quality traits along with their genetic 
basis. This chapter will also give innovative insights into the knowledge gained 
through new tools that integrate grain quality with high yield in the present scenario 
of diminishing natural resources and environmental fluctuations.
Keywords: rice, cooking traits, sensory quality, appearance quality, genetic basis, 
nutritional quality
1. Introduction
Rice is the staple food of half of human population globally and fulfills over 21% 
calorific requirement of world population. About 90% of the rice is produced and 
consumed in Asia. During 1960s to 1970 when the major rice producing countries 
relied on rice as a subsistence crop, the major emphasis was on high yield. As these 
countries attained food security and standard of living of the rice eating popula-
tion improved, consumers became conscious about grain quality. Their potential 
as exporters of surplus rice produced, gave a further impetus to grain quality 
research. The world population is expected to reach 9.8 billion from the current 
7.6 billion by 2050 (The World Population Prospects: The 2017 Revision, published 
by the UN Department of Economic and Social Affairs). The current challenge to 
rice improvement programs is to feed the ever-growing population with diminish-
ing natural resources and environmental fluctuations on one-hand and varieties 
that have grain quality that the consumer demands, on the other. The economic 
value and the consumer acceptance/preference of a rice variety depend on rice 
grain quality [1–3]. Rice grain quality is a complex trait and is therefore difficult to 
define comprehensively. Rice quality comes from a polygenic group of traits that 
are affected by environmental factors, crop management and the resulting interac-
tions among these. It involves the physical appearance, milling quality, cooking, 
sensory and nutritional value. The emphasis laid on each of these traits depends 
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on regional consumer preference, market demand, and intended functional use. 
For instance, consumers in North Asia prefer short and bold rice grains with low 
amylose, whereas in several states of India, most parts of Pakistan and Iran prefer 
long, slender grains having intermediate amylose content [4]. One of the major 
challenges facing the rice improvement programs is to have simple, robust, high 
throughput methods for assessing various quality traits that can reflect consumer 
preference. We review here the key grain quality traits and the classical and modern 
methods used in rice improvement programs to evaluate them. A comprehensive 
list of quality evaluation methods for different parameters is given in Table 1.
S. No. Quality parameter Recent quality evaluation method(s)
Cooking and eating quality
1. Apparent amylose 
content
HPLC-SEC [5]
DSC [6]
NIRS [7, 8]
2. Cooking time Measured indirectly by estimating gelatinization 
temperature using DSC [6]
3. Kernel elongation None
4. Grain volume expansion None
5. Gelatinization 
temperature
Measurement of starch gelatinization by DSC, 
photometric method, alkali photometry, or RVA 
pasting curve [9]
6. Pasting properties Brabender visco-amylograph, micro Visco-analyzer 
[10, 11]
Textural and sensory quality
7. Gel consistency None
8. Texture profiling Instron hardness testing. Parallel plate plastometer, 
consistometer, texturometer, hardness tester, 
viscoelastograph, tensipresser, surface tensiometer, 
Kramer shear or texture press, extrusion and back 
extrusion, puncture test
9. Sensory evaluation None
10. Aroma profiling Detection and quantification of 2-acetyl-1-pyrroline by 
GC-MS [3]
Detection of total volatile metabolome by GC-MS
11. Rancidity test Detection of free fatty acids by titration or colorimetry 
[12]
Nutritional quality
12. Protein content NIRS [13]
13. Lipid content Metabolomics approach using LC-MS [14] or GC-MS
14. Resistant starch content None
15. Nonstarch 
polysaccharide content 
and dietary fiber content
CE [15], HPLC coupled with mass spec detector
16. Micronutrients AAS, ICP-OES, ICP-MS [16, 17], XRF
17. Digestibility Time-resolved NMR [18]
Table 1. 
Summary of evaluation methods used for determining rice quality.
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2. Rice quality traits
2.1 Appearance quality
Major factors determining market value are immediately discernible by the 
consumers and include physical properties like, whiteness, translucence, uniform 
shape and yield of edible polished grain. Visual characters of rice grains like grain 
dimensions, chalk, color and whole grain recovery are important attributes that 
affect the choice of consumers’ and millers. Therefore, these are among some of 
the first selection criteria in varietal improvement programs [19–21]. Grain size 
depends on the length of the grain in its greatest dimension, while grain shape is 
based on length-to-breadth ratio [20]. The classification of rice samples based on 
size and shape is not standardized across different countries and different market-
ing areas [22, 23]. The routine classification system used by the International Rice 
Research Institute (IRRI) breeding programs for grain size is as follows: short 
(≤5.50 mm), medium/intermediate (5.51–6.60 mm), long (6.61–7.50 mm), and very 
long (>7.50 mm). Similarly, the grain shapes of rice can be described based on the 
length-to breadth ratio values, and the classification used in IRRI is: bold (≤2.0), 
medium (2.1–3.0), and slender (>3.0) [23]. Chalky areas in rice grains present on 
the dorsal (white belly), ventral side (white back) or in the center are opaque white 
parts of the endosperm and generally, associated with poor quality in many rice 
markets thus these grains have lower market acceptability [24]. Classification of 
the grains is based on the proportion of the grain that is chalky: none (0%), small 
(<10%), medium (10–20%), and large (>20%) [23, 25, 26]. The starch granules 
in the chalky areas of the grain have air spaces between them, are small and less 
compact compared to bigger and tightly packed granules in translucent areas and 
hence are more prone to breakage during milling [27, 28]. Chalk thus affects both 
the esthetic value and head rice yield decreasing the marketability of rice. Chalk 
is caused by both environment and genetic factors. Increase in nighttime air tem-
peratures during grain filling stage can increase chalk and reduce head rice yields 
[29, 30]. Rice grain dimensions are conventionally measured using transparent 
rulers, vernier calipers and photographic enlargers [31], while the proportion of 
grain that is chalky is visually scored. Measuring of grain dimensions using manual 
methods is both labor intensive and time-consuming. Moreover, visual scoring of 
chalk involves subjectivity. Now-a-days, image analysis methods are being used in 
advanced laboratories that are very convenient and objective [31–33].
Yin et al. [34] divided the dimensions of grain shape into grain length, grain 
width, length-to-width ratio, grain area, grain circumference, grain diameter, and 
grain roundness. Several important genes have been characterized in previous stud-
ies that control grain shape traits, e.g., GS3 [35] affecting grain length, qSW5/GW5/
GSE5 [14, 36, 37] affecting grain width, GL7/GW7 [38] shaping both grain length 
and grain width. In various studies across different environments and genetic 
backgrounds, a major effect quantitative trait loci (QTL) for grain length, GS3 was 
identified near the centromeric region of chromosome 3 [12, 35, 39, 40]. However, 
a functional marker in the second exon of GS3 was identified that explains 80–90% 
of the kernel length variation [41]. Bai et al. [42] identified four QTLs for grain 
length on chromosomes 3 and 7; and 10 QTLs for grain width and 9 QTLs for grain 
thickness on chromosomes 2, 3, 5, 7, 9 and 10, respectively. A total of 28 QTLs were 
detected, of which numerous were reported for the first time. Four major and six 
minor QTLs for grain shape were also identified in their study. Later on, qGL7 was 
narrowed down to an interval covering a 258 kb region in the Nipponbare genome 
between InDel marker RID711 and SSR marker RM6389, and co-segregated with 
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InDel markers RID710 and RID76. The dimensions of grain shape were dissected by 
Yin et al. [34] into grain length, grain width, length-to-width ratio, grain area, grain 
circumference, grain diameter, and grain roundness. By contrast, a few QTLs for 
grain chalkiness have been finely mapped and characterized functionally. Chalk5 
was the first cloned and functionally characterized gene that controls rice grain 
chalkiness which encodes a vacuolar H+-translocating pyrophosphatase [43]. Two 
methods are commonly applied for genetic dissection of these complex traits: QTL 
mapping in bi-parental recombinant populations and genome-wide association 
studies (GWAS) using diverse varieties. In general, genetic diversity and mapping 
resolution are limitations in the bi-parental linkage approach, while conventional 
GWAS is often mystified by complicated population structure and low power to 
map the low-frequency alleles [44, 45]. Genome-wide high-resolution mapping for 
the traits of grain shape and grain chalkiness was performed by Gong et al. [46] in 
hybrid rice using multiple collaborative populations for joint analyses.
2.2 Milling quality
Milling yield is an important quality character especially from the commercial 
standpoint [47]. It includes milled rice yield and head rice yield. Milling yield 
is the estimate of the quantity of total milled rice obtained from a unit of rough 
rice (paddy) and produced by removing the hulls, germ, and most of the bran. 
It includes intact and broken kernels and generally expressed as percentage [48]. 
Head rice is the intact or “whole” kernels and includes milled kernels having equal 
to or more than three-fourth length. The economic value of broken kernels is only 
50–60% that of head rice, supporting the immense impact it has on marketability. 
Bran consists of several layers of outer covering of the endosperm. These layers 
include the pericarp, testa (seed coat), the nucellus and the aleurone, including the 
germ, are collectively called bran. Both, the degree of milling, which is an estimate 
of the degree to which the bran layers are removed from the endosperm, and fissur-
ing of grains contribute to the percentage of broken kernels and hence, determine 
the overall milling quality [49]. Fissures or cracks in the grains weaken the strength 
of the grain and predispose them to break when exposed to mechanical forces 
during milling process [50]. Post-harvest drying of rice is one of the greatest factors 
that affect the percentage of broken kernels. Alternate wetting and drying of grains, 
drying at high temperatures and non-equilibrated grains before polishing lead to a 
decrease in head rice recovery [51–55]. Milling quality is determined with the help 
of laboratory-sized mills. They include dehuskers that remove husk, polishers or 
Test Rice Whitening Machine and graders, indent cylinders and shaker tables to 
segregate broken kernels from milled rice. Lam and Proctor [56] determined that 
linoleic and oleic acids were the main fatty acids released during milled rice surface 
lipids hydrolysis. Limited number of QTLs has been identified for milling quality. 
Two have been fine mapped but none has been cloned so far [57].
2.3 Cooking and sensory quality
Rice is mainly consumed as polished grain in contrast to other staple cereals like 
wheat and maize that are consumed after the grain is ground to flour. Therefore, the 
quality characters of rice grain assume greater importance. The chief component of 
milled rice grain is starch which constitutes approximately 78% (14% moisture) or 
90% (dry weight) of the endosperm [58]. Thus, the properties of starch mainly deter-
mine the cooking and eating quality of rice grains. Three important traits of starch 
that determine the cooking and organoleptic properties of rice grain are: apparent 
amylose content (AAC), gelatinization temperature (GT) and gel consistency.
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The amylose fraction, essentially the linear polymer of glucose, forms only a 
small component of starch. The other major form of starch is the highly branched 
amylopectin molecule. Amylose is an important quality trait of rice and is consid-
ered as an indirect predictor of cooking and sensory quality [59–61]. Iodine-binding 
assay, generally used for measuring amylose content, also detects long-chain 
amylopectin in addition to ‘true’ amylose [62]. Hence, amylose is referred to as 
apparent amylose content (AAC). AAC of starch ranges from 0.8 to 1.3% in waxy 
rice, whereas it constitutes 8–37% [58] in non-waxy rice, the rest being amylopec-
tin. AAC is directly proportional to water absorption, volume expansion, fluffiness, 
hardness and inversely proportional to cohesiveness, tenderness, stickiness and 
glossiness of cooked rice. Based on AAC, rice can be classified as: waxy (0–2%), 
very low (3–9%), low (10–19%), intermediate (20–25%), and high (>25%) [10]. 
Despite overestimating the actual amylose content and other limitations, iodine—
binding assay that produces blue iodine—amylose complex when iodine binds 
to gelatinized rice flour which is quantified using a spectrophotometer, remains 
the method of choice for determining AAC. The two methods approved for the 
estimation of amylose content in milled rice are: the AACCI Method61-03.01 and 
ISO Method 6647-1:2015 [63, 64]. Auto-analyzers are also being used for routine 
amylose estimations in several rice improvement programs [65].
In general, the AAC is related to sensory quality of cooked rice however, there 
are varieties that have the same AAC but differ in their cooked rice hardness [66]. 
To account for such differences, a complementary test called gel consistency (GC) 
is routinely used [32]. It measures the length moved by rice flour gel, before it sets. 
Rice is classified into three GC groups based on gel length: hard and very flaky 
(≤40 mm), medium and flaky (41–60 mm), and soft (>61 mm). The differences in 
GC groups are explained on the basis of the proportion of hot water soluble amylose 
compared to that of insoluble amylose. The varieties with higher proportion of 
hot water insoluble amylose exhibit hard GC [67, 68]. Studies have indicated that 
long-chain amylopectin that remains in the gelatinized starch granule is probably 
the hot water insoluble amylose [69, 70]. According to Matsue et al. [71], amylose 
and protein content, amylographic characteristics, and even palatability showed 
significant difference depending on the position of spikelets in a panicle.
Conventional genetic studies have revealed that AAC is under the control of one 
major gene with several modifiers [56]. Among non-waxy parents, high amylose 
is completely dominant over low or intermediate amylose, and intermediate is 
dominant over low [72]. With the advent of molecular marker technology, it is now 
easy to apprehend complex quantitative traits [73]. Amylose content is reported to 
be mainly controlled by the waxy gene locus (Wx) present on chromosome 6, which 
encodes the granule-bound starch synthase (GBSS) [74].This enzyme is required for 
amylose synthesis, and several alleles are encoded by the Wx locus [75, 76]. Three 
alleles of the waxy gene—Wx, Wxa and Wxb are known, which exist in waxy (sticky) 
rice, indica and japonica sub-species, respectively. The activity of the encoded 
protein, GBSS differs in different genetic backgrounds [77]. A single nucleotide 
polymorphism (SNP) at the splice site of intron 1 differentiates low amylose varieties 
from intermediate and high varieties. This SNP defines the Wxa and Wxb alleles for 
high and low amylose, respectively [78]. In the Wxin allele [76] it was identified that 
an SNP in exon 6, results in an amino acid substitution from serine to tyrosine that 
distinguishes high and intermediate amylose varieties [75].
Gelatinization temperature (GT) is another important physicochemical parame-
ter that ranges from 55 to 80°C and provides information regarding the cooking time 
of rice and its texture [79]. The temperature at which the semi-crystalline structure 
of starch begins to melt in hot water with loss of birefringence is termed GT [1]. 
GT is classified into three classes: low (55–69°C), intermediate (70–74°C) or high 
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(75–79°C) [27]. GT is dependent on the amylopectin fine structure of starch with 
higher proportion of short chains (DP 6–12) decreasing the GT [80, 81]. Consumer 
preferences are varied throughout the world but varieties with intermediate GT are 
mostly preferred [82]. The two most commonly used methods for GT determination 
are: alkali spreading value (ASV) and Differential Scanning Calorimetry (DSC). 
ASV is based on the disintegration of starch granules present in milled rice grains in 
dilute KOH. The extent of disintegration is numerically scored on a scale of 1–7  
[31, 68]. Though ASV is a high throughput method for the determination of GT, it is 
an indirect and subjective test. In contrast, DSC is an instrumental method based on 
measuring in real time, the first peak of the endotherm as the starch granules gela-
tinize [6, 83, 84]. DSC is a precise but an expensive method for measuring GT and 
cannot be routinely used to screen thousands of breeding lines in rice improvement 
programs. GT is also determined by an amylograph method [85] which tracks the 
viscosity changes that take place when rice flour-water slurry is heated with continu-
ous stirring and was approved as the AACCI Method 61-01.01. The temperature at 
which the viscosity of 20% slurry begins to rise, determines the GT. The instrument 
used extensively in advanced rice quality labs is Rapid Viscoamylograph (RVA) [1]. 
It determines the viscosity changes during the heating and cooling of relatively small 
rice flour samples (6 g) AACCI Method 61-02.01.
A QTL corresponding to the alk locus was identified by Fan et al. [35], having a 
major effect on alkali spreading value. Alk/alk codes for starch synthase IIa (SSIIa) 
which is responsible for the vital differences in amylopectin chain length distribu-
tion [81]. Specifically, four haplotypes are able to distinguish between low and high 
GT. But a marker which is able to identify genotypes with the intermediate class of 
GT has yet to be discovered. GT is classified into two groups by allelic variation in 
SSlla [81, 86]. The SNPs in SSlla define four haplotypes [87, 88] and two haplotypes 
associate with high and two with low GT. Varieties having intermediate GT are 
found in all haplotype groups [89], thereby suggesting that another locus interacts 
with SSlla to produce the intermediate phenotype. SNP mutations in the rice alk 
gene have been shown to alter the amylose content in grains [88]. Although several 
alleles of Waxy/waxy and Alk/alk genes linked with different forms of starch have 
been identified [87], other starch biosynthesis genes in addition to Waxy/waxy 
and Alk/alk also affect rice cooking and eating quality. However, starch structure 
does not clarify all the variation in rice grain quality parameters present in all rice 
germplasm [90].
Aroma is a prized sensory trait of cooked rice that increases its market value. 
Among more than 100 identified volatile compounds, 2-acetyl-1-pyrroline (2-AP) 
is the major chemical compound contributing to the fragrance of Basmati rice, 
Jasmine rice and Pandanus leaves [91–94]. Aroma is traditionally detected by smell-
ing after reaction with 0.1 M KOH. However, this method is subjective and is also 
harmful to the nasal cavity of the analyst upon continuous and prolonged exposure. 
To solve this problem, gas chromatography coupled with flame ionization detector 
(GC-FID) or mass spectrometry (GC-MS) is being used in advanced rice breeding 
facilities. However, these methods are expensive and involve high running and 
maintenance costs. Therefore, molecular markers related to 2-AP are routinely used 
in rice breeding programs working on aroma.
Genetics studies of aroma have been an attractive research topic and many 
researchers studied it by employing various sensory tests. A few scientists like Reddy 
and Reddy [95] described two to three recessive or dominant genes that determine 
the fragrance, but most researchers believe that Basmati fragrance is under the 
control of a single recessive gene [96, 97]. Almost two decades of attempts to know 
the genetics of aroma at molecular level concluded in mapping of a single locus (fgr) 
on chromosome 8. QTL mapping [98, 99] followed by fine mapping [94], sequence 
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analysis and complementation test [100] have helped to determine that Betaine 
Aldehyde Dehydrogenase (BADH2) gene possessing 15 exons and 14 introns is the 
fragrance causing gene (fgr). Several studies have suggested that a recessive allele of 
BADH2 carrying fragment deletions, badh2 includes 7 bp deletion in 2nd exon, an 
8 bp deletion in 7th exon and an 803 bp deletion between exons 4 and 5 [101, 102]. 
This characterization of fragrant and non-aromatic rice varieties suggested that 
these events might have occurred after the divergence of aromatic and non-aromatic 
varieties from the common ancestor. On the other hand, the functional BADH2 
converts AB-ald (presumed 2-AP precursor) into GABA (4-aminobutyraldehyde) 
in non-fragrant rice and the non-functional BADH2 causes accumulation of AB-ald 
and thereby enhances 2-AP biosynthesis in fragrant rice [100]. A study by Kovach 
et al [103] suggested that Basmati cultivars were nearly identical to the ancestral 
japonica haplotype across 5.3 Mb region flanking BADH2 thereby, demonstrat-
ing the close evolutionary relationship of Basmati cultivars with japonica varietal 
group. Due to instability in expression of Badh2 gene and complexity in fragrance 
determination, marker assisted selection (MAS) is considered to be a useful tool for 
screening this trait.
Detailed studies were done by Sood and Siddiq [104] on the geological distribu-
tion of kernel elongation gene(s) in rice and reported that varieties showing high 
kernel elongation on cooking were known to be traditionally cultivated in the 
northwest part of undivided India. Kernel elongation upon cooking is an endo-
sperm character significantly influenced by factors like environment, aging, etc. 
Basmati rices are characterized by doubling of kernel length upon cooking. Despite 
being an important trait, not many reports are available on the inheritance of kernel 
elongation on cooking. Among the limited number of studies on this trait, one 
study had reported identification of a QTL between two RFLP markers viz., RZ323 
and RZ562 and mapped it at a distance of 14.6 cM on chromosome 8 [105].
2.4 Nutritional quality
Rice is consumed as a staple for providing sustenance to its consumers’. With 
improving purchasing power of the rice consumers’ post green revolution, nutri-
tional quality of rice gained importance. As starch is the main constituent of milled 
rice grain, it is the major source of energy and affects its nutritional quality. It has 
been reported that starch is digested at different rates in human gastro-intestinal 
tract [106]. The digestibility of starch is measured by estimating the rise in blood 
glucose level of humans upon consumption of a food containing 50 g available car-
bohydrates compared to a standard solution containing 50 g glucose [107–109]. This 
glycemic response is reported as glycemic index (GI). However, estimation of GI 
involves low-throughput and expensive clinical assays, therefore, it is not routinely 
used in screening for low GI rices [110]. In vitro estimation of nutritional fractions 
of starch can be carried out by estimating the content of total sugars, total starch, 
rapidly digestible starch, slowly digestible starch and resistant starch [111, 112]. 
Apart from starch, the other major macronutrients present in milled rice grain are: 
storage proteins (7%), storage lipids (<1%) and non-starch polysaccharides (NSPs, 
trace amounts). These macronutrients significantly affect the nutritional qual-
ity, textural and sensory traits, and functional properties [113] even though they 
constitute minor components of milled rice grain. Storage proteins are major source 
of proteins in developing countries, are hypoallergenic and possess superior amino 
acid composition [114]. The Kjeldahl method with modifications to accommodate 
smaller sample sizes (AACCI Method 46-13.01) [63] is widely used method for the 
estimation of total proteins. Individual amino acids can be quantified after acid 
hydrolysis using pre-column derivatization with a fluorescent derivatizing reagent 
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followed by HPLC separation [115, 116]. Rice lipids serve nutritional and functional 
role. They provide protection against cardiovascular diseases and cancer [117] and 
also affect the pasting properties. Crude fat in rice grains is routinely analyzed using 
a standard method (AACCI Method 30-10.01). The fatty acid composition of the 
bran layer can also be analyzed using gas-liquid chromatography (GLC) [118]. NSPs 
are concentrated in the bran layer and only trace amounts are detected in the milled 
rice grains but have nutritional importance because of their unique composition 
compared to other cereals [109].
Nutritional components such as minerals, vitamins and phytochemicals are 
concentrated in the bran layer and are either absent or present at low levels in milled 
grains. The iron and zinc content are generally low and some of which is lost during 
milling. So a modest increase in these levels in rice would provide a significant 
nutritional boost to the hundreds of millions of people who depend on it. Hence 
there is an imperative need for a shift in emphasis toward development of nutri-
tionally high quality rice. This is achieved by evaluating the available germplasm 
lines for micro nutrient content and by generation of knowledge regarding their 
inheritance pattern to use in future breeding programs. Micronutrients are being 
quantified by using atomic absorption spectroscopy (AAS), X-ray fluorescence 
spectrometry (XRF), inductively coupled plasma-mass spectrometry (ICP-MS), 
laser-induced breakdown spectroscopy (LIBS), and inductively coupled plasma-
optical emission spectrometry (ICP-OES) [16, 17].
Integration of marker assisted breeding with conventional breeding creates a 
possibility to track the introgression of nutritional quality associated QTLs and genes 
into a popular/elite cultivar from various germplasm sources [119]. Two consistent 
QTLs for protein content in milled rice were reported by Zhong et al. [120] as qPr1 
and qPr7 and located in the marker interval of RM493-RM562 and RM445-RM418 
on chromosome 1 and 7, respectively. Gande et al. [121] identified 24 candidate genes 
namely OsNAC, OsZIP8a, OsZIP8c and OsZIP4b showed significant phenotypic 
variance of 4.5, 19.0, 5.1 and 10.2%, respectively. The QTL associated with increased 
grain protein content has been cloned and designated as Gpc-B1 [122].
3. Future prospects
Rice quantity and quality are directly or indirectly influenced by decrease in 
suitable arable land due to increase in urbanization, urban migration, soil dete-
rioration and problems relating to climate fluctuations. Rice eating and cooking 
quality traits appear to be simple but the genetic machinery is too complex and 
needs to be deciphered. Rice appearance quality is a complex trait and involves 
interaction between quality and yield and also between quality and environment. 
Grain chalkiness is of primary concern since it affects milling, appearance, eat-
ing and cooking qualities [123]. To reduce chalkiness, genotypes with low chalk 
formation at high temperature after heading can be identified and utilized through 
MAS. Biochemical, physiological and molecular mechanisms have to be worked 
out by identifying and cloning chalkiness functional genes. The most challenging 
issue facing milling industry is to obtain high head rice recovery, since it is directly 
related to profitability to both the farmers and millers. Genetic understanding of 
milling quality is still limited [57]. Improvement of milling quality requires (i) 
search for QTLs with large effect (ii) robust and accurate analytical tools to measure 
the trait (iii) improvement in postharvest handling and storage techniques (iv) 
Breeding efforts through MAS. With the expeditious progress in functional genom-
ics and development of high throughput genotyping technologies, more number of 
rice functional genes will be cloned in the future.
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Increased awareness among the rice consuming population toward sensory 
and nutritional traits makes it necessary to develop evaluation techniques that can 
directly correlate with the consumer perception. To improve eating and sensory 
quality of rice it is important to integrate methods in textural analysis and rheology 
with taste and flavor metabolomics. Nutritional quality of rice is another trait that 
needs to be included in rice improvement programs. Rice has an important role 
to play to mitigate the impact of non-communicable diseases like diabetes. Since 
starch forms about 90% of milled rice grain weight, its structure (amylose content, 
branching pattern) and digestibility (resistant starch) affect its nutritional quality. 
Clinical evaluation of rice digestibility is difficult, therefore, methods for accurate 
in vitro estimations should be developed and validated in vivo. Available germplasm 
can be screened for resistant starch, amylose content, digestibility, and other 
health-promoting properties [110]. Cooking and processing methods have a major 
impact on digestibility and eating quality [33]. Further research is needed to assess 
how these cooking and processing techniques affect the structural, physical-chemi-
cal, and mechanical properties of rice. Robust and innovative modeling approaches 
that link the physical-chemical changes that occur during cooking (amylose leach-
ing, gelatinization, water absorption) with rice grain digestibility and nutritional 
value and consumer demands could help in identifying the key determinants of rice 
grain cooking and sensory quality.
Author details
Neerja Sharma* and Renu Khanna
Department of Plant Breeding and Genetics, Punjab Agricultural University, 
Ludhiana, Punjab, India
*Address all correspondence to: neerjasharma@pau.edu
© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
10
Recent Advances in Grain Crops Research
[1] Champagne ET, Bett KL, 
Vinyard BT, McClung AM, Barton FE, 
Moldenhauer KA, et al. Correlation 
between cooked rice texture and Rapid 
Visco Analyser measurements. Cereal 
Chemistry. 1999;76:764-771
[2] Juliano BO. Rice Chemistry and 
Quality. Manila, Philippines: Phil Rice; 
2003. pp. 199-251
[3] Fitzgerald MA, Hamilton NRS, 
Calingacion MN, Verhoeven HA, 
Butardo VM. Is there a second fragrance 
gene in rice? Plant Biotechnology 
Journal. 2008;6:416-423
[4] Calingacion M, Laborte A, Nelson A, 
Resurreccion A, Concepcion JC, et al. 
Diversity of global rice markets and the 
science required for consumer-targeted 
rice breeding. PLoS One. 2014;9:e85106. 
DOI: 10.1371/journal.pone.0085106
[5] Jane JL, Chen JF. Effect of amylose 
molecular size and amylopectin branch 
chain length on paste properties of 
starch. Cereal Chemistry. 1992;69:60-65
[6] Biliaderis CG, Page CM, Maurice TJ, 
Juliano BO. Thermal characterization 
of rice starches: A polymeric approach 
to phase transition of granular starch. 
Journal of Agricultural and Food 
Chemistry. 1986;34:6-24
[7] Villareal CP, De La Cruz NM, 
Juliano BO. Rice amylose analysis 
by near-infrared transmittance 
spectroscopy. Cereal Chemistrty. 
1994;71:292-296
[8] Delwiche SR, Bean MM, Miller RE, 
Webb BD, Williams PC. Apparent 
amylosecontent of milled rice by near-
infraredreflectancespectroscopy. Cereal 
Chemistry. 1995;72:182-187
[9] Dang JMC, Bason ML. AACCI 
approved methods technical committee 
report: Collaborative study on a method 
for determining the gelatinization 
temperature of milled rice flour using 
the rapid visco analyser. Cereal Foods 
World. 2014;59:31-34
[10] Champagne ET, Bett KL, 
Vinyard BT, McClung AM, Barton FE 
II, Moldenhauer K, et al. Correlation 
between cooked rice texture and rapid 
visco analyses measurements. Cereal 
Chemistry. 1999;76:764-771
[11] McKenzie KS, Rutger JN. Genetic 
analysis of amylose content, alkali 
spreading score, and grain dimensions 
in rice. Crop Science. 1983;23:306-311
[12] Wang HL, Wan XY, Bi JC, Wang JK, 
Jiang L, Chen LM, et al. Quantitative 
analysis of fat content in rice by near-
infrared spectroscopy technique. Cereal 
Chemistry. 2006;83:402-406
[13] Lapchareonsuk R, Sirisomboon P.  
Sensory quality evaluation of rice using 
visible and shortwave near-infrared 
spectroscopy. International Journal of 
Food Properties. 2015;18:1128-1138
[14] Liu J, Chen J, Zheng X, Wu F, 
Lin Q , Heng Y, et al. GW5 acts in the 
brassinosteroid signalling pathway to 
regulate grain width and weight in rice. 
Nature Plants. 2017;3:17043
[15] Mantovani V, Galeotti F, Maccari F, 
Volpi N. Recent advances in capillary 
electrophoresis separation of 
monosaccharides, oligosaccharides,and 
polysaccharides. Electrophoresis. 
2018;39:179-189
[16] Hansen TH, Laursen KH, Persson DP, 
Pedas P, Husted S, Schjoerring JK. Micro-
scaled high-throughput digestion of 
plant tissue samples for multi-elemental 
analysis. Plant Methods. 2009;5:12
[17] Wheal MS, Fowles TO, Palmer LT.  
A cost-effective acid digestion method 
using closed polypropylene tubes for 
inductively coupled plasma optical 
References
11
Rice Grain Quality: Current Developments and Future Prospects
DOI: http://dx.doi.org/10.5772/intechopen.89367
emission spectrometry (ICP-OES) 
analysis of plant essential elements. 
Analytical Methods. 2011;3:2854-2863
[18] Dona AC, Pages G, Gilbert RG, 
Gaborieau M, Kuchel PW. Kinetics of 
in vitro digestion of starches monitored 
by time-resolved 1H nuclear magnetic 
resonance. Biomacromolecules. 
2009;10:638-644
[19] Adair CR, Beachell HM, Jodon NE, 
Johnston TH, Thysell JR, Green VE Jr.  
Rice breeding and testing methods 
in the United States. In: Rice in the 
United States: Varieties and Production. 
Washington, DC: United States 
Department of Agriculture; 1966. 
pp. 19-64
[20] Graham R. A Proposal for IRRI to 
Establish a Grain Quality and Nutrition 
Research Center. Report No.: 44. Los 
Baños, Philippines; 2002
[21] Tomlins K, Manful J, Gayin J, 
Kudjawu B, Tamakloe I. Study of sensory 
evaluation, consumer acceptability, 
affordability and market price of rice. 
Journal of the Science of Food and 
Agriculture. 2007;87:1564-1575. DOI: 
10.1002/jsfa.2889
[22] Codex Alimentarius Commission. 
Codex Standard for Rice; 1995
[23] Dela Cruz NM, Khush GS. Rice 
grain quality evaluation procedures. In: 
Singh RK, Singh US, Khush GS, editors. 
Aromatic Rices. New Delhi, India: 
Mohan Primlani; 2000. pp. 15-28
[24] Fitzgerald MA, Resurreccion AP. 
Maintaining the yield of edible rice 
in a warming world. Functional Plant 
Biology. 2009;36:1037. DOI: 10.1071/
FP09055
[25] Ikehashi H, Khush GS. Methodology 
of assessing appearance of the rice 
grain, including chalkiness and 
whiteness. In: Workshop on Chemical 
Aspects of Rice Grain Quality. Los 
Baños, Philippines: International Rice 
Research Institute; 1979. pp. 223-230
[26] Guangrong L. Detection of chalk 
degree of rice based image processing. 
In: Proceedings of the International 
Conference on Intelligence Science and 
Information Engineering (ISIE); 20-21 
August 2011; Wuhan, China. 2011. 
pp. 515-518
[27] Lisle AJ, Martin M, Fitzgerald MA. 
Chalky and translucent rice grains differ 
in starch composition and structure and 
cooking properties. Cereal Chemistry. 
2000;77:627-632
[28] Melissa AF, McCouch SR, Hall RD.  
Not just a grain of rice: The quest 
for quality. Trends in Plant Science. 
2009;14:133-139
[29] Counce P, Bryant R, Bergman C, 
Bautista R, Wang Y, Siebenmorgen T, 
et al. Rice milling quality, grain 
dimensions, and starch branching as 
affected by high night temperatures. 
Cereal Chemistry. 2005;82:645-648
[30] Cooper N, Siebenmorgen T, 
Counce P. Effects of nighttime 
temperature during kernel development 
on rice physicochemical properties. 
Cereal Chemistry. 2008;85:276-282
[31] Little RR, Hilder GB, 
Dawson EH. Differential effect of 
dilute alkali on 25 varieties of milled 
white rice. Cereal Chemistry. 
1958;35:111-126
[32] Cagampang GB, Perez CM, 
Juliano BO. A gel consistency test 
for eating quality of rice. Journal of 
the Science of Food and Agriculture. 
1973;24:1589-1594
[33] Yu L, Turner MS, Fitzgerald M, 
Stokes JR, Witt T. Review of the effects 
of different processing technologies on 
cooked and convenience rice quality. 
Trends in Food Science and Technology. 
2017;59:124-138
Recent Advances in Grain Crops Research
12
[34] Yin C, Li H, Li S, Xu L, Zhao Z, 
Wang J. Genetic dissection on rice 
grain shape by the two-dimensional 
image analysis in one japonica—indica 
population consisting of recombinant 
inbred lines. Theoretical and Applied 
Genetics. 2015;128:1969-1986
[35] Fan C, Xing Y, Mao H, Lu T, Han B, 
Xu C, et al. Gs3, a major qtl for grain 
length and weight and minor qtl for 
grain width and thickness in rice, 
encodes a putative transmembrane 
protein. Theoretical and Applied 
Genetics. 2006;112:1164-1171
[36] Shomura A, Izawa T, Ebana K, 
Ebitani T, Kanegae H, Konishi S, et al. 
Deletion in a gene associated with 
grain size increased yields during 
rice domestication. Nature Genetics. 
2008;40:1023-1028
[37] Duan P, Xu J, Zeng D, Zhang B, 
Geng M, Zhang G, et al. Natural 
variation in the promoter of GSE5 
contributes to grain size diversity in rice. 
Molecular Plant. 2017;10:685-694
[38] Wang K, Wambugu PW, Zhang B, 
Wu AC, Henry RJ, Gilbert RG. The 
biosynthesis, structure and gelatinization 
properties of starches from 
wild and cultivated African rice 
species (Oryza barthii and Oryza 
glaberrima). Carbohydrate Polymers. 
2015;129:92-100
[39] Wan X, Wan J, Jiang L, Wang J, 
Zhai H, Weng J, et al. QTL analysis 
for rice grain length and fine mapping 
of an identified QTL with stable and 
major effects. Theoretical and Applied 
Genetics. 2006;112:1258-1270
[40] Zhou LQ , Wang YP, Li SG. Genetic 
analysis and physical mapping Lk-4(t), 
a major gene controlling grain length in 
rice, with a BC2F2 population. Yi Chuan 
Xue Bao. 2006;33:72-79
[41] Fan C, Yu S, Wang C, Xing Y. A 
causal c-a mutation in the second exon 
of gs3 highly associated with rice grain 
length and validated as a functional 
marker. Theoretical and Applied 
Genetics. 2009;118:465-472
[42] Bai X, Luo L, Yan W, Kovi MR, 
Zhan W, Xing Y. Genetic dissection of 
rice grain shape using a recombinant 
inbred line population derived from 
two contrasting parents and fine 
mapping a pleiotropic quantitative 
trait locus qgl7. BMC Genetics. 
2010;11:16
[43] Li JY, Wang J, Zeigler RS. The 3000 
rice genomes project: New opportunities 
and challenges for future rice research. 
GigaScience. 2014;3:8
[44] Myles S, Peiffer J, Brown PJ, 
Ersoz ES, Zhang Z, Costich DE, et al. 
Association mapping: Critical 
considerations shift from genotyping 
to experimental design. Plant Cell. 
2009;21:2194-2202
[45] Nordborg M, Weigel D. Next-
generation genetics in plants. Nature. 
2008;456:720-723
[46] Gong J, Miao J, Zhao Y, Zhao Q , 
Feng Q , Zhan Q , et al. Dissecting 
the genetic basis of grain shape and 
chalkiness traits in hybrid rice using 
multiple collaborative populations. 
Molecular Plant. 2017;10:1353-1356
[47] Bergman CJ, Bhattacharya KR, 
Ohtsubo KI. Rice end-use quality 
analysis. In: Champagne ET, editor. Rice 
Chemistry and Technology. St. Paul, 
Minnesota: The American Association 
of Cereal Chemists; 2004
[48] Cruz D, Khush GS. Rice grain 
quality evaluation procedures. In: 
Singh RK, Singh US, Khush GS, editors. 
Aromatic Rices. New Delhi, India: 
Oxford and IBH Publishing Co. Pvt. 
Ltd; 2000. pp. 15-18
[49] Bhattacharya KR. Analysis of rice 
quality. In: Bhattacharya KR, editor. Rice 
13
Rice Grain Quality: Current Developments and Future Prospects
DOI: http://dx.doi.org/10.5772/intechopen.89367
Quality. Cambridge, UK: Woodhead 
Publishing Ltd; 2011. pp. 431-530
[50] Swamy YMI, Bhattacharya KR. 
Breakage of rice during milling 1. 
Types of cracked and immature grains. 
Journal of Food Science and Technology. 
1982;19:106-111
[51] Banaszek MM, Siebenmorgen TJ. 
Head rice yield reduction rates caused 
by moisture sorption. Arkansas Farm 
Research. 1990;39:4-8
[52] Cnossen AG, Jiménez MJ, 
Siebenmorgen TJ. Rice fissuring 
response to high drying and tempering 
temperatures. Journal of Food 
Engineering. 2003;9:61-69
[53] Cnossen AG, Siebenmorgen TJ. The 
glass transition temperature concept 
in rice drying and tempering: Effect 
on milling quality. Transactions of 
the American Society of Agricultural 
Engineers. 2000;43:1661-1667
[54] Jindal VK, Siebenmorgen TJ. Effects 
of rice kernel thickness on head 
rice yield reduction due to moisture 
adsorption. Transactions of the 
American Society of Agricultural 
Engineers. 1994;37(2):487-490
[55] Kocher MF, Siebenmorgen TJ, 
Norman RJ, Wells BR. Rice kernel 
moisture content variation at harvest. 
Transactions of the American Society of 
Agricultural Engineers. 1990;33:541-548
[56] Kumar I, Khush GS. Inheritance of 
amylose content in rice (Oryza sativa 
L.). Euphytica. 1988;38:261-269
[57] Bao JS. Genes and QTLs for rice 
grain quality improvement. In: Yan WG, 
Bao JS, editors. Rice—Germplasm, 
Genetics and Improvement. Rijeka, 
Croatia: IntechOpen; 2014. pp. 239-278
[58] Champagne ET, Wood DF, 
Juliano BO, Betchell DB. The rice 
grain and its gross composition. In: 
Champagne ET, editor. Rice: Chemistry 
and Technology. St Paul, USA: AACC; 
2004. pp. 93-94
[59] Juliano BO. Physicochemical 
properties of starch and protein in 
relation to grain quality and nutritional 
value of rice. In: IRRI Rice Breeding. 
Los Banos, Philippines: IRRI; 1972. 
pp. 389-405
[60] Li H, Prakash S, Nicholson TM, 
Fitzgerald MA, Gilbert RG. The 
importance of amylose and amylopectin 
fine structure for textural properties 
of cooked rice grains. Food Chemistry. 
2016;196:702-711
[61] Juliano BO. Structure, chemistry, 
and function of the rice grain and 
its fractions. Cereal Foods World. 
1992;37:772
[62] Juliano BO. A simplified assay for 
milled-rice amylose. Cereal Science 
Today. 1971;16:334-340
[63] AACC. International Approved 
Methods of Analysis. St. Paul, MN: 
Association for American Cereal 
Chemists (AACC International); 2009
[64] International Organization for 
Standardization. ISO 6647-2:2007—
Rice Determination of Amylose 
Content—Part 2: Routine Methods. 
Geneva: International Organization for 
Standardization; 2007
[65] Juliano BO, Perez CM, Blakeney AB, 
Castillo T, Kongseree N, Laignelet B, 
et al. International cooperative testing 
on the amylose content of milled rice. 
Starch. 1981;33:157-162
[66] Perez CM, Juliano BO. Indicators of 
eating quality for non-waxy rices. Food 
Chemistry. 1979;4:185-195
[67] Bhattacharya KR. Physicochemical 
basis of eating quality of rice. Cereal 
Foods World. 2009;54:18-28
[68] Bhattacharya KR, Sowbhagya CM, 
Indudhara Swamy YM. Importance of 
Recent Advances in Grain Crops Research
14
insoluble amylose as a determinant of 
rice quality. Journal of the Science of 
Food and Agriculture. 1978;29:359-364
[69] Takeda Y, Hizukuri S, Juliano BO. 
Structures of rice amylopectins with 
low and high affinities for iodine. 
Carbohydrate Research. 1987;168:79-88
[70] Horibata T, Nakamoto M, 
Fuwa H, Inouchi N. Structural and 
physicochemical characteristics of 
endosperm starches from rice cultivars 
recently bred in Japan. Journal of 
Applied Glycoscience. 2004;51:303-313
[71] Matsue Y, Odahara K, Hiramatsu M. 
Differences in protein content, amylose  
content and Pala in relation to location  
of grains within rice panicle. Japanese  
Journal of Crop Science. 1994;63:271-277
[72] Kumar I, Khush GS. Genetic 
analysis of different amylose levels in 
Rice. Crop Science. 1987;27:1167. DOI: 
10.2135/cropsci1987.0011183X0027000
60016x
[73] Fan CC, Yu XQ , Xing YZ, Xu CG, 
Luo LJ, Zhang Q. The main effects, 
epistatic effects and environmental 
interactions of qtls on the cooking 
and eating quality of rice in a 
doubled-haploid line population. 
Theoretical and Applied Genetics. 
2005;110:1445-1452
[74] Smith AM, Denyer K, Martin C. The 
synthesis of the starch granule. Annual 
Review of Plant Physiology and Plant 
Molecular Biology. 1997;48:67-87
[75] Chen M-H, Bergman CJ, 
Pinson SRM, Fjellstrom RG. Waxy gene 
haplotypes: Associations with apparent 
amylose content and the effect by the 
environment in an international rice 
germplasm collection. Journal of Cereal 
Science. 2008;47:536-545
[76] Mikami I, Uwatoko N, Ikeda Y, 
Yamaguchi J, Hirano HY, Suzuki Y, et al. 
Allelic diversification at the wx locus in 
landraces of Asian rice. Theoretical and 
Applied Genetics. 2008;116:979-989
[77] Fitzgerald MA, Bergman CJ, 
Resurreccion AP, Möller J, Jimenez R, 
Reinke RF. Addressing the dilemmas 
of measuring amylose in Rice. Cereal 
Chemistry. 2009;86:492-498. DOI: 
10.1094/CCHEM-86-5-0492
[78] Isshiki M, Nakajima M, Okagaki RJ, 
Wessler SR, Izawa T, Shimamoto K. A 
naturally occurring functional allele 
of the rice waxy locus has a GT to 
TT mutation at the 5′ splice site of 
the first intron. The Plant Journal. 
1998;15:133-138
[79] Juliano BO. Polysaccharides, 
proteins and lipids of rice. In: 
Juliano BO, editor. Rice, Chemistry and 
Technology. St Paul, MN: American 
Association of Cereal Chemists; 1985. 
pp. 59-60
[80] Slade L, Levine H. Non-equilibrium 
melting of native granular starch: 
Part I. Temperature location of the glass 
transition associated with gelatinisation 
of A-type cereal starches. Carbohydrate 
Polymers. 1988;8:183-208
[81] Umemoto T, Yano M, Satoh H, 
Shomura A, Nakamura Y. Mapping of 
a gene responsible for the difference 
in amylopectin structure between 
japonica-type and indica type rice 
varieties. Theoretical and Applied 
Genetics. 2002;104:1-8
[82] Khush GS, Paule CM, DeLa 
Cruz MN. Rice quality evaluation and 
improvement at IRRI. In: Proceedings of 
the Workshop on Chemical Aspects of 
Rice Grain Quality. Los Banos, Laguna, 
Philippines: International Rice Research 
Institute; 1979. pp. 21-31
[83] Normand FL, Marshall WE. 
Differential scanning calorimetry 
of whole grain milled rice and 
milled rice flour. Cereal Chemistry. 
1989;66:317-321
15
Rice Grain Quality: Current Developments and Future Prospects
DOI: http://dx.doi.org/10.5772/intechopen.89367
[84] Normand FL, Marshall WE. 
Thermal-properties of whole grain 
milled rice and milled rice flour studied 
by differential scanning calorimetry. 
Cereal Foods World. 1988;33:663-663
[85] Halick JV, Beachell HM, 
Stansel JW, Kramer HH. A note on 
the determination of gelatinization 
temperature of rice varieties. Cereal 
Chemistry. 1960;37:670
[86] Bao JS, Corke H, Sun M. Nucleotide 
diversity in starch synthase IIa 
and validation of single nucleotide 
polymorphisms in relation to starch 
gelatinization temperature and other 
physicochemical properties in rice 
(Oryza sativa L.). Theoretical and 
Applied Genetics. 2006;113:1171-1183
[87] Waters DLE, Henry RJ, 
Reinke RF, Fitzgerald MA. Gelatinization 
temperature of rice explained by 
polymorphisms in starch synthase. Plant 
Biotechnology Journal. 2006;4:115-122
[88] Umemoto T, Aoki N. Single-
nucleotide polymorphisms in rice 
starch synthase IIa that alter starch 
gelatinisation and starch association of 
the enzyme. Functional Plant Biology. 
2005;32:763-768
[89] Cuevas RP, Daygon VD, 
Corpuz HM, Reinke RF, Waters DLE, 
et al. Melting the secrets of 
gelatinisation temperature in 
rice. Functional Plant Biology. 
2010;37:439-447
[90] Kharabian-Masouleh A, 
Waters DLE, Reinke RF, Ward RA, 
Henry RJ. SNP in starch biosynthesis 
genes associated with nutritional and 
functional properties of rice. Science 
Reporter. 2013;2:557
[91] Buttery RG, Ling LC, Juliano BO. 
2-Acetyl-1-pyrroline: An important 
aroma component of cooked 
rice. Chemistry & Industry. 
1982;23:958-959
[92] Buttery RG, Ling LC, Juliano BO, 
Turnbaugh JG. Cooked rice aroma 
and 2-acetyl-1-pyrroline. Journal of 
Agricultural and Food Chemistry. 
1983;31:823-826
[93] Buttery RG, Ling LC, Mon TR. 
Quantitative analysis of 2-acetyl-1-
pyrroline in rice. Journal of Agricultural 
and Food Chemistry. 1986;34:112-114
[94] Chen S, Wu J, Yang Y, Shi W, 
Xu M. The fgr gene responsible for rice 
fragrance was restricted within 69 kb. 
Plant Science. 2006;171:505-514
[95] Reddy VD, Reddy GM. Genetic and 
biochemical basis of scent in rice (Oryza 
sativa L.). Theoretical and Applied 
Genetics. 1987;73:699-700
[96] Sood BC, Siddiq EA. A rapid 
technique for scent determination in 
rice. Indian Journal of Genetics and 
Plant Breeding. 1978;38:268-271
[97] Jin QS, Waters D, Cordeiro GM, 
Henry RJ, Reinke RF. A single nucleotide 
polymorphism (SNP) marker linked to 
the fragrance gene in rice (Oryza sativa 
L.). Plant Science. 2003;165:359-364
[98] Ahn SN, Bollich CN, Tanksley SD. 
RFLP tagging of a gene for aroma in 
rice. Theoretical and Applied Genetics. 
1992;84:825-828
[99] Lorieux M, Petrov M, Huang N, 
Guiderdoni E, Ghesquière A. Aroma in 
rice: Genetic analysis of a quantitative 
trait. Theoretical and Applied Genetics. 
1996;93:1145-1151
[100] Chen S, Yang Y, Shi W, Ji Q , He F, 
Zhang Z, et al. Badh2, encoding betaine 
aldehyde dehydrogenase, inhibits the 
biosynthesis of 2-acetyl-1-pyrroline, 
a major component in rice fragrance. 
Plant Cell. 2008;20:1850-1861
[101] Bradbury L, Henry R, Jin Q , 
Reinke RF, Waters DLE. A perfect 
marker for fragrance genotyping in rice. 
Molecular Breeding. 2005;16:279-283
Recent Advances in Grain Crops Research
16
[102] Shi W, Yang Y, Chen S, Xu M. 
Discovery of a new fragrance allele 
and the development of functional 
markers for the breeding of fragrant 
rice varieties. Molecular Breeding. 
2008;22:185-192
[103] Kovach MJ, Calingacion MN, 
Fitzgerald MA, McCouch SR. The 
origin and evolution of fragrance in 
rice (Oryza sativa L.). Proceedings 
of the National Academy of Science. 
2009;106:14444-14449
[104] Sood BC, Siddiq EA. Geographical 
distribution of kernel elongation 
gene(s) in rice. Indian Journal of 
Genetics. 1980;40:439-442
[105] Ahn SN, Bollich CN, McClung AM, 
Tanksley SD. RFLP analysis of genomic 
regions associated with cooked-kernel 
elongation in rice. Theoretical and 
Applied Genetics. 1993;87:27-32
[106] Marsh K, Brand-Miller J. State of 
arts reviews: Glycemic index, obesity 
and chronic disease. American Journal 
of Lifestyle Medicine. 2008;2:142-150
[107] Wolever TMS. Glycaemic index: a 
physiological classification of dietary 
carbohydrate. In: CAB International 
Book Archive, Titles From 2005, 
2006, 2007. Wallingford, UK: CABI 
Publishing; 2006
[108] Trinidad TP, Mallillin AC, 
Encabo RR, Sagum RS, Felix AD, 
Juliano BO. The effect of apparent 
amylose content and dietary fiber on the 
glycemic response of different varieties 
of cooked milled rice and brown rice. 
International Journal of Food Sciences 
and Nutrition. 2013;64:89-93
[109] Jenkins DJ, Wolever TM, 
Taylor RH, Barker H, Fielden H, 
Baldwin JM, et al. Glycemic index 
of foods: A physiological basis for 
carbohydrate exchange. The American 
Journal of Clinical Nutrition. 
1981;34:362-366
[110] Butardo VM Jr, Nese S, Juliano 
Bienvenido O. Improving rice grain 
quality: State-of-the-art and future 
prospects. In: Sreenivasulu N, 
editor. Rice Grain Quality: Methods 
and Protocols, Methods in 
Molecular Biology. 2019, 1892. DOI: 
10.1007/978-1-4939-8914-0_2
[111] Englyst HN, Kingman SM, 
Cummings JH. Classification and 
measurement of nutritionally important 
starch fractions. European Journal of 
Clinical Nutrition. 1992;46:S33-S50
[112] Englyst KN, Englyst HN, 
Hudson GJ, Cole TJ, Cummings JH. 
Rapidly available glucose in foods: 
An in vitro measurement that reflects 
the glycemic response. The American 
Journal of Clinical Nutrition. 
1999;69:448-454
[113] Butardo VM Jr, Sreenivasulu N, 
Jeon K. Tailoring grain storage reserves 
for a healthier rice diet and its 
comparative status with other cereals. 
International Review of Cell and 
Molecular Biology. 2016;323:31-70
[114] Shih FF. Rice proteins. In: 
Champagne ET, editor. Rice: Chemistry 
and Technology. 3rd ed. Inc, St. Paul, 
MN: American Association of Cereal 
Chemistry; 2004. pp. 143-162
[115] Cohen SA. Amino acid analysis 
using precolumn derivatization 
with 6-aminoquinolyl-N-
hydroxysuccinimidylcarbamate. In: 
Cooper C, Packer N, Williams K, editors. 
Amino Acid Analysis Protocols. Totowa, 
NJ: Humana Press; 2000. pp. 39-47
[116] Cohen SA, Michaud DP. Synthesis 
of a fluorescent derivatizing reagent, 
6-amino quinolyl-N-hydroxy 
succinimidylcarbamate, and its 
application for the analysis of 
hydrolysate amino acids via high-
performance liquid chromatography. 
Analytical Biochemistry. 
1993;211:279-287
17
Rice Grain Quality: Current Developments and Future Prospects
DOI: http://dx.doi.org/10.5772/intechopen.89367
[117] Godber JS, Juliano BO. Rice 
lipids. In: Champagne ET, editor. Rice: 
Chemistry and Technology. 3rd ed. St. 
Paul, MN: American Association of 
Cereal Chemistry; 2004. pp. 163-190
[118] Lugay JC, Juliano BO. Fatty acid 
composition of rice lipids by gas-
liquid chromatography. Journal of 
the American Oil Chemists’ Society. 
1964;41:273-275
[119] Mahender A, Anandan A, Kumar 
Pradhan S, Pandit E. Rice grain 
nutritional traits and their enhancement 
using relevant genes and QTLs through 
advanced approaches. Springerplus. 
2016;5:2086. DOI: 10.1186/
s40064-016-3744-6
[120] Zhong M, Wang L, Yuan J, 
Luo L, Xu C, He YQ. Identification of 
QTL affecting protein and amino 
acid contents in rice. Rice Science. 
2011;18:187-195
[121] Gande NK, Kundur PJ, Soman R,  
Ambati R, Ashwathanarayana R, 
Bekele BD, et al. Identification of 
putative candidate gene markers for 
grain zinc content using recombinant 
inbred lines (RIL) population of IRRI38 
X Jeerigesanna. African Journal of 
Biotechnology. 2014;13:657-663
[122] Uauy C, Brevis J, Dubcovsky J. The 
high grain protein content gene Gpc-
B1 accelerates senescence and has 
pleiotropic effects on protein content in 
wheat. Journal of Experimental Botany. 
2006;57:2785
[123] Siebenmorgen TJ, Grigg BC, 
Lanning SB. Impacts of pre-harvest 
factors during kernel development on 
rice quality and functionality. Annual 
Review of Food Science and Technology. 
2013;4:101-115
